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Each end of a Kitaev chain in topological phase hosts a Majorana fermion. Crossed Andreev
reflection is the evidence of the nonlocality of Majorana fermions. This nonlocality of Majorana
fermions has been proposed to be probed by noise measurements since simple conductance mea-
surements cannot probe it due to the cancellation of currents from electron tunneling and crossed
Andreev reflection. Kitaev ladders on the other hand host subgap Andreev states that facilitate
nonlocal transport. We propose to employ Kitaev ladder in series with Kitaev chain and show that
transconductance of this setup can be used as a probe of nonlocality of Majorana fermions.
Majorana fermions (MF’s) in condensed matter sys-
tems have been of immense interest in the last couple of
decades due to the possibility of realization of topologi-
cal quantum computation [1, 2]. MF’s were predicted to
exist at the ends of semiconductor quantum wires with
spin-orbit coupling proximetized with singlet supercon-
ductor in presence of a Zeeman field [3, 4]. Over sub-
sequent years, many experiments have convincingly ob-
served zero bias conductance peak in these systems as
predicted by the theory confirming their realization [5–8].
There is one MF at each end of the topological quantum
wire and this nonlocality has been proposed to be probed
by noise measurements [9–13]. The reason for resorting
to noise measurements is that the nonlocal conductance
is zero despite nonlocal transport owing to the cancella-
tion of electron and hole currents [9]. Enhanced crossed
Andreev reflection is a definite signature of nonlocality
of MF’s. In this paper, we propose a way to probe the
nonlocality of MF’s by conductance measurements. We
employ Kitaev ladder [14] in series with Kitaev chain to
realize the setup to achieve this.
In a setup consisting of two normal metal leads at-
tached to a superconductor, an electron incident on the
superconductor from one normal metal can do one of the
four things: reflect back, reflect back as a hole, transmit
through and exit at the other normal metal either as an
electron or as a hole. These processes are called electron
reflection (ER), Andreev reflection (AR), electron tunnel-
ing (ET) and crossed Andreev reflection (CAR) respec-
tively. To enhance CAR over ET is an important problem
and there are many methods to achieve it [14–18]. One
among these methods is to employ superconducting lad-
der which consists of two superconductors differing by a
superconducting phase difference forming a one dimen-
sional interface [18]. Along the interface, subgap Andreev
states (SAS) exist when a substantial phase difference be-
tween the two superconductors is maintained along with
a sufficiently large coupling. SAS are nonlocal and they
mediate ET and CAR. The relative magnitudes of ET
and CAR can be changed by tuning a system parameter
such as chemical potential [14, 18]. We propose a setup
where a Kitaev chain hosting MF’s at its ends is con-
nected in series with a Kitaev ladder that hosts SAS and
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FIG. 1. Schematic diagram of the setup proposed. Normal
metal (NL) is connected to Kitaev chain (KC) which is then
connected to the Kitaev ladder (KL) which in turn is con-
nected to another normal metal (NR). A bias voltage V is
applied to NL, while grounding KC, KL and NR.
this entire structure is connected to normal metal leads
as shown in Fig. 1. We show that in this setup, nonlocal
conductance can be used as a probe of nonlocality of the
MF’s.
The Hamiltonian for the setup is
H = HL +HMF +HKL +HR +HLM +HMK +HKR,
(1)
where HL/R is the Hamiltonian of the normal metal lead
NL/R, HMF is the Hamiltonian of the Kitaev chain host-
ing MF’s, HKL is the Hamiltonian of the Kitaev ladder,
HLM connects NL to Kitaev chain, HMK connects the
Kitaev chain to Kitaev ladder and HKR connects the Ki-
taev ladder to NR. We write the Hamiltonian using a
lattice model as in ref. [14], though the physics can be
captured even on a continuum model [18]. Various terms
in Eq. (1) can be written as:
HL =
−∞∑
n=−2
[−t(c†n−1cn + h.c.)− µc†ncn],
HMF = −t0(c†−1c0 + h.c.)−∆0(c†0c†−1 + h.c.),
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2HKL =
∑
σ=1,2
L−1∑
n=1
[−t(c†n+1,σcn,σ + h.c.)
−∆(eiφσc†n+1,σc†n,σ + h.c.)]
−µ
∑
σ=1,2
L∑
n=1
c†n,σcn,σ − t′
L∑
n=1
(c†n,1cn,2 + h.c.),
HR =
∞∑
n=L+1
[−t(c†n+1cn + h.c.)− µc†ncn],
HLM = −tLM (c†−2c−1 + h.c.),
HMK = −tMK(c†0c1,1 + h.c.),
HKR = −tKR(c†L+1cL,1 + h.c.). (2)
Here the Kitaev chain is modeled with just two sites. In
the limit t0 = ±∆0, the two MF’s at the two ends of the
chain are decoupled and two site model is a good model
to capture the effects of MF’s in Kitaev chain. To study
the nonlocal transport, the two MF’s at the two ends
have to be coupled. This can be done by setting ∆0 close
to t0, but ∆0 6= t0. Then, the nonlocal fermions made
from coupling of MF’s are at energies ±(t0−∆0) and the
quasiparticles belonging to the bulk band are at energies
±(t0+∆0). So, for sufficiently large values of t0 (t0  ∆)
and ∆0 ∼ t0 the quasiparticles from the bulk band of
the Kitaev chain are at energies much different from the
subgap energies of the Kitaev ladder. Hence, only MF’s
from the Kitaev chain participate in transport mediated
by SAS in Kitaev ladder and a negative transconductance
accompanied by peak in local conductance (GLL > e
2/h)
is a definite signature of the nonlocality of the MF’s.
If [ψen, ψ
h
n]
T is the wavefunction at site n, an electron
incident from NL with energy E has a wavefunction:
ψen = e
ikean + ree
−ikean for n ≤ −2
= tee
ikean for n ≥ L+ 1
ψhn = rhe
ikhan for n ≤ −2
= the
−ikhan for n ≥ L+ 1, (3)
where kea = cos
−1[−(E+µ)/2t], kha = cos−1[(E−µ)/2t]
and a is the lattice spacing. The scattering coefficients re,
te, rh and th can be determined by writing down equation
of motion using the full Hamiltonian (eq. (1)). The local
(nonlocal) differential conductance GLL (GRL) defined
as the ratio of differential change in current dIL (dIR) in
lead NL (NR) to the differential change in applied voltage
at lead NL can be calculated by the formulas [14, 19]:
GLL =
e2
h
[
1− |re|2 + |rh|2 sin kha
sin kea
]
GRL =
e2
h
[
|te|2 − |th|2 sin kha
sin kea
]
(4)
The Kitaev ladder dispersion is
E = ν1
√
2k + t
′2 + α2k + ν2 · 2t′
√
2k + α
2
k sin
2 φ
2
, (5)
where ν1, ν2 = ±1 represent bands formed by the hy-
bridization of electron and hole excitations in the two
legs of the ladder, φ = (φ1 − φ2), k = −(2t cos ka + µ)
and αk = 2∆ sin ka. This dispersion is typically gapped
and the gap closes for φ = pi when t′ > t′c(µ), where
t′c(µ) = ∆
√
4− µ2/(t2 −∆2).
We calculate the local conductance GLL and the
transconductance GRL as functions of bias voltage V
and chemical potential µ for the choice of parameters:
t0 = 10t, ∆0 = 0.99t0, ∆ = 0.1t, t
′ = 3∆, tLM = 0.3t,
tMK = 0.3t, tKR = t and L = 40 in Fig. 2. Here, we
choose ∆ = 0.1t, t′ = 3∆, φ1 = 0, φ2 = −pi so that
there are SAS in the ladder to mediate nonlocal trans-
port in the full energy range. The Kitaev chain is weakly
coupled to NL (tLM = 0.3t) and to the Kitaev ladder
(tMK = 0.3t). The parameters for the Kitaev chain
(t0 and ∆0) are chosen so that only MF’s participate
in transport. The energy splitting between the MF’s due
to coupling is 2∆ and the nonlocal fermion states are
formed at energies ±∆ for this choice of parameters. We
see that the local transport is dominated by AR and the
nonlocal transport is resonant these energies from Fig. 2.
The peaks in GRL have values close to 0.4e
2/h and the
valleys have values close to −0.4e2/h. The conductances
have a periodic behavior as a function of µ due to Fabry-
Pe´rot interference of the SAS [14, 18, 20]. The periodic
behavior in the transconductance GRL with negative val-
ues as a function of µ is a definite signature of nonlocal-
ity of the MF’s. The Fabry-Pe´rot interference condition
(ki+1 − ki)aL = pi determines the spacing between con-
secutive peaks µi+1 − µi. We now make two changes
to the parameters of Fig. 2 by choosing φ1 = pi and
φ2 = 0 and plot the results in Fig. 3. The broad features
due to Fabry-Pe´rot interference remain the same except
for a change in the details. The maximum/minimum in
transconductance is found to be around ±0.45e2/h.
Now we turn to the dependence of the two conduc-
tances on bias and the superconducting phase difference
φ = (φ1 − φ2), keeping φ1 constant. We fix µ = 0
and keep other parameters same as earlier. We see that
the nonlocal conductance is enhanced in magnitude near
φ = pi in Fig. 4. The peak at zero bias in local conduc-
tance GLL for φ = 0, 2pi is due to the MF’s in the ladder.
As φ increases from 0 to pi, the MF’s belonging to the
two legs of the ladder hybridize and split in energy. This
split in energy can be seen in the thick red lines origi-
nating at (eV, φ) = (0, 0). As φ changes from 0 to pi,
the bulk states of the two legs of the ladder enter the
gap (−2∆, 2∆) and form SAS. These are responsible for
enhanced ET and enhanced CAR in the regions close to
φ = pi. Now, we change φ1 = pi and φ2 = pi − φ and plot
the dependence of the two conductances as functions of
bias and φ in Fig. 5. If we compare the local conductance
plots of Fig. 4 and Fig. 5, we can see a clear contrast.
Near zero φ, there is a peak in GLL at eV = ±∆ for
φ1 = pi while it is absent for φ1 = 0. Also, zero bias
3FIG. 2. GLL (left panel) and GRL (right panel) in units of e
2/h for the choice of parameters: t0 = 10t, ∆0 = 0.99t0, ∆ = 0.1t,
t′ = 3∆, φ1 = 0, φ2 = −pi, tLM = 0.3t, tMK = 0.3t, tKR = t and L = 40.
FIG. 3. GLL (left panel) and GRL (right panel) in units of e
2/h for the choice of parameters: t0 = 10t, ∆0 = 0.99t0, ∆ = 0.1t,
t′ = 3∆, φ1 = pi, φ2 = 0, tLM = 0.3t, tMK = 0.3t, tKR = t and L = 40.
FIG. 4. GLL (left panel) and GRL (right panel) in units of
e2/h versus bias eV and the phase difference φ = φ1−φ2 with
φ1 = 0 for the choice of parameters: t0 = 10t, ∆0 = 0.99t0,
∆ = 0.1t, t′ = 3∆, µ = 0, tLM = 0.3t, tMK = 0.3t, tKR = t
and L = 40.
peak in GLL at φ = 0 is absent for φ1 = pi unlike the
case φ1 = 0. This is an effect of interference between the
MF’s in the Kitaev ladder and the MF in Kitaev chain.
At φ = 0, even the Kitaev ladder hosts MF’s. But when
φ1 = pi, the MF of the Kitaev ladder does not couple
to the MF of Kitaev chain. This is the reason for the
absence of zero bias peak when φ1 = pi and φ = 0. It is
interesting to see that for both the cases, the transcon-
ductance has peaks and valleys near φ = pi. Motivated
by the change in results when φ1 is changed, we study
the dependence of the two conductances as a function of
the overall phase keeping the phase difference the same.
In Fig. 6 we plot the two conductances as functions of
the bias and the overall phase of the ladder φ0 defined
as φ0 = φ1 = φ2 − pi. Here, we maintain the phase dif-
ference between the two legs of the ladder to be pi since
the ladder dispersion becomes gapless for this choice of
(φ1−φ2). We see from this figure that the peaks in GLL
at eV ∼ ±∆ have a slight variation as a function of φ0,
while the transconductance has thick regions of enhanced
ET and enhanced CAR.
To conclude, we have seen that when a Kitaev lad-
der hosting SAS is connected to Kitaev chain host-
4FIG. 5. GLL (left panel) and GRL (right panel) in units of
e2/h versus bias eV and the phase difference φ = φ1−φ2 with
φ1 = pi for the choice of parameters: t0 = 10t, ∆0 = 0.99t0,
∆ = 0.1t, t′ = 3∆, µ = 0, tLM = 0.3t, tMK = 0.3t, tKR = t
and L = 40.
FIG. 6. GLL (left panel) and GRL (right panel) in units of
e2/h versus bias eV and the overall phase φ0 where φ1 = φ0
and φ2 = pi+φ0 for the choice of parameters: t0 = 10t, ∆0 =
0.99t0, ∆ = 0.1t, t
′ = 3∆, µ = 0, tLM = 0.3t, tMK = 0.3t,
tKR = t and L = 40.
ing MF’s, the transconductance shows large positive
and negative values for some choices of the parameters.
Further, the transconductance shows periodic behavior
which can be explained by Fabry-Pe´rot interference con-
dition. Negative values of transconductance indicate en-
hanced crossed Andreev reflection. We have thus shown
that transconductance in the proposed setup can be used
as a probe of the nonlocality of Majorana fermions.
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